Phase distribution in an electron beam can now be precisely measured to within 1/100th of the electron wavelength using both electron holography and a "coherent" field-emission electron beam. This technique allows for the ultra-fine measurement of material structures and electromagnetic fild distributions on a microscopic scale. Flux lines in a superconducting thin film can be observed quantitatively by electron-holographic interference microscopy and dynamically by Lorentz microscopy.
INTRODUCTION
In conventional electron microscopy, specimens are observed using the intensity of an elelctron beam. However, the development of the coherent field-emission electron beam [1] has made it possible to also observe the phase distribution.
As a result, it is now possible to produce electron interference patterns that can be directly observed on a fluorescent screen with the naked eye. Before this development interference patterns could only be recorded on film with long exposure times. In addition, electron phases can be measured within an accuracy of 1/100th of a wavelength using electron holography [2] . Because of these developments, the structure of materials at atomic scales and the microscopic distributions of electromagnetic fields can be observed by precisely measuring phase distributions [3] . This paper introduces the ongoing research of electron phase microscopy.
ELECTRON HOLOGRAPHY
In the first step of holography, an interference pattern is formed between an object wave and a reference wave in a field-emission electron microscope, and recorded on film as a hologram. This hologram is subsequently illuminated by a collimated laser beam and an exact three-dimensional image is produced in a diffracted beam. An additional image called a "conjugate image" is also produced with the same amplitude, but opposite phase. An interference micrograph, or contour map of the wavefronts, can be obtained by simply overlapping an optical plane wave with this reconstructed wave. If the conjugate image overlaps this Akira TONOMURA wavefront instead of a plane wave, the phase difference becomes twice as large, as if the phase distribution were amplified two times. By repeating this technique, phase shifts as small as 1/100 of the wavelength can be detected. This technique is known as 'phase-amplified interference electron micr oscopy," and provides information about the microscopic distribution of electromagnetic fields.
Optical reconstruction with laser light is simple, but must be done off-line as a result of the time involved in developing the film.
Therefore, on-line reconstruction techniques are being developed using computers and optical devices. An image can be numerically reconstructed from a hologram recorded on a charge-coupled device (CCD) attached to an electron microscope. By doing this, an amplitude image, phase image, and interference image can be displayed.
These images can be obtained in a fairly short time, depending on the performance of the computer used, but not yet in real-time.
This speed problem has now been solved with the development of a real-time method using a liquid crystal panel as a phase hologram [4] . The image signal of the hologram detected with a TV camera attached to the electron microscope is transferred to the liquid-crystal panel, where the intensity distribution is transformed into a phase shifting function for an illuminating light beam. 
where integration is carried out along a route connecting two electron trajectories and t is the unit tangent vector of the electron trajectory. This equation shows that electromagnetic potentials (A, V) can be detected by measuring the phase shift in an electron beam, although what we detect is not the electromagnetic potentials themselves but their integrals along the electron beam trajectory.
(1) Specimen Thickness Distribution An electron is accelerated by the inner potential when it enters a specimen. The specimen is regarded as a space within which the electrostatic potential is different from that in the vacuum. An electron beam transmitted through the specimen thus receives a phase shift depending on the specimen material and thickness.
When a specimen is made of a uniform material, a contour map of the electron phase distribution can indicate its thickness contours. An example of an interferogram reconstructed from an incoherent hologram of fine gold particles [4] is shown in shown in Fig. 1 . The thickness distribution can be quantitatively measured from the interferogram, because one fringe spacing corresponds to a thickness change of 330A. The particles here are shown to have truncated triangular pyramid shapes. When many holograms are formed at different incident angles for an electron beam transmitted onto a specimen, a three-dimensional view of an object can be obtained numerically using similar methods to those of x-ray computer tomography [5] . Two views of latex spheres reconstructed from 24 different holograms are shown in Fig. 2 . In the transmission mode, surface topography can only be investigated by measuring thickness. In the reflection mode, thickness can be measured with a high degree of sensitivity because surface height differences are directly measured in units of extremely short electron wavelengths as geometrical path differences [6] .
(2) Magnetic Field Observation For a pure magnetic object, the phase difference between two electron beams passing through it is given by (2) where the first integral is carried out along a closed path along two electron trajectories, and the second integral is carried out over the surface determined by the paths.
The following conclusions can be made from this equatiom [7] .
(1 (2) A magnetic flux of h/e flows between two adjacent contour fringes. An example of this is shown in Fig. 3 . The object here is a smoke particle prepared by gas evaporation in an inertgas amosphere.
No contrast can be seen in electron micrograph (a) which represents the electron intensity distribution. However, circular contour fringes appear in contour map (b). Since the phase distribution is amplified two times, these contour lines indicate magnetic lines of force in h/2e units. It can be seen at a glance how magnetic lines of force rotate in such a fine particle.
The principle behind this technique is the same as that of a superconducting fluxmeter SQUID except that its sensitivity is h/e rather than the h/2e in the SQUID's case. Therefore, we may call electron inter ferometry a "SQUID in a microscopic world".
It cannot be determined from this contour map alone whether the magnetization rotates clockwise or counterclockwise.
The direction can be determined from interferogram (c). Interference fringes are displaced at the particle's edges and go upward inside the particle.
This can be interpreted as follows. An electron travels faster inside the particle than in vacuum and consequently has a shorter wavelength.
Therefore, the wavefront of the transmitted electron wave is retarded. In addition, the wavefront is either advanced or retarded depending on whether magnetization is clockwise or counterclockwise. Therefore, the rotation direction proves to be clockwise. The diameter of this particle is around 3000A.
For smaller particles, magnetization is not closed inside, and the particle is uniformly magnetized. An example of a barium-ferrite particle [8] is shown in Fig. 4 . Here, magnetic fields leak from the upper south pole of the particle and are then sucked up at the south pole. The particle can therefore be seen to have a single magnetic domain. Flux lines in superconductors can be observed quantitatively by interference microscopy [9, 10] and Lorentz microscopy [11] with our 350kV holography electronmicroscope [12] . In the experiments we conducted, a superconductive thin film was tilted with respect to both the electron beam and the magnetic field. An equilibrium Lorentz micrograph at B100 gauss [11] is shown in Fig. 7 . The film has a fairly uniform thickness in the region shown, but is bent along the black curves, called bend contours, caused by Bragg reflections at the atomic plane brought to a favorable angle by bending. Each spot showing a black and white contrast is an image of a single fiux line. This contrast reversed, as expected, when the applied magnetic field was reversed.
The tilt direction of the sample can be read from the line dividing the black and white parts of the spots. Because the black part is on the same side of all the spots, the polarities of all the fiux lines seen in the region are the same.
At low B, i.e., up to 30-50 gauss, the flux lines are too sparse to from a lattice, even in equilibrium. At B=100 gauss, the flux-line density is so high that they cannot from anything but a hexagonal lattice.
A high-Tc superconductor has been investigated by means of Lorentz microscopy [3] . High-Tc superconductors are difficult to use practically, because the critical current vanishes at high Some researchers belive that these flux lines melt like molecules in a liquid, as a result it is difficult to fix flux lines at some pinning sites [14] . Evidence for flux-line melting was provided by a Bitter BSCCO figure in which the flux-line image was blurred even at 15K and 20 gauss (Tc=85K). [15] . Accordingly, the practical use temperature would not be Tc but rather the melting temperature Tm. Others, however, disagree with this, and attribute this phenomenon to weak pinning effects.
The flux lines were dynamically observed to test whether flux lines begin to move under such conditions. The observation was made under a fixed magnetic field B increasing the sample temperature from 4.5 K to above Tc. A Lorentz micrograph at T=4.5 K and B=20 gauss is shown in Fig. 8 (a). Flux lines are distributed at random.
When the temperature was raised stepwise by a few K, flux lines moved. After a few minutes, flux lines arrived at an equilibrium state and became still.
They did not melt even at 20 K. The flux-line configuration changed between 40 K and 50 K.
Flux lines from a regular lattice (c) above this transition region. The flux-line lattice persisted at higher temperatures though the image contrast gradually decreases and then disappears above 77 K.
CONCLUSION
The performance of electron phase microscopy has been improved. 
